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We discuss theoretically the concept of spatial resolution in near-field scanning optical microscopy
(NSOM) in light of a recent work [Opt. Express 17 (2009) 19969] which reported on the achievement
of active tips made of a single ultrasmall fluorescent nanodiamond grafted onto the apex of a
substrate tip and on their validation in NSOM imaging. Since fluorescent nanodiamonds tend to
decrease steadily in size, we assimilate a nanodiamond-based tip to a point-like single photon source
and compare its ultimate resolution with that offered by standard metal-coated aperture NSOM
tips. We demonstrate both classically and quantum mechanically that NSOM based on a point-like
tip has a resolving power that is only limited by the scan height over the imaged system whereas
the aperture-tip resolution depends critically on both the scan height and aperture diameter. This
is a consequence of the complex distribution of the electromagnetic field around the aperture that
tends to artificially duplicate the imaged objects. We show that the point-like tip does not suffer
from this “squint” and that it rapidly approaches its ultimate resolution in the near-field as soon
its scan height falls below the distance between the two nano-objects to be resolved.
PACS numbers:
INTRODUCTION
Since its birth in the early 80’s [1], the near-field scan-
ning optical microscope, or NSOM [2], became a versatile
tool for imaging optical properties of systems requiring a
very high spatial resolution in the nanometer range [3, 4].
Yet one of the most fundamental issue with NSOM con-
cerns the optical resolution available with a given sys-
tem. Current systems based on aperture-NSOM [1] with
a hole at the apex of a metal-coated conical tip are fun-
damentally limited by the size of the optical hole [5–7].
In order to improve the optical resolution of NSOM and
therefore overcome this limitation one could ideally use
a point-like emitting source. Recently, inspired by the
pioneer work by Michaelis et al. [8] who used a fluores-
cent single molecule at low temperature as basis for a
NSOM, we developed a new high-resolution NSOM tip
using a nitrogen-vacancy (NV) color-center in a diamond
nanocrystal as a scanning point-like light source [9]. In
this active tip the 20 nm nanocrystal is glued in situ at
the apex of an etched optical fiber probe. Importantly,
the NV center acts as a photostable (no blinking, no
bleaching) single-photon source working at room temper-
ature [10, 11]. As such, the NV-center based tip proves
superior to quantum-dot based tips [12], which suffer
from unsufficient photostability [13], and to insulating-
nanoparticle based tips, which, despite remarkable pho-
tostability, cannot (yet) reach the single-photon emis-
sion rate [14]. Therefore, the nanodiamond-based NSOM
probe opens large avenues for microscopy and quantum
optics in the near-field regime.
In the present work we study theoretically the potential
resolution offered by the nanodiamond-based NSOM tip
that we assimilate to a point-like emitter and we compare
it with the resolution of a standard aperture-tip. For this
we will first describe simple electromagnetic models for
both the point-like (sections II) and the aperture (sec-
tion III) optical probes. In section II we return to and
justify some of our assumptions concerning the photon
emission by the NV-center based NSOM and we discuss
in more detail the impact of quantum optics on the op-
tical resolution of this system. Finally, in section IV we
apply and compare these models for simulating an image
acquisition during a scan over fluorescent test systems.
NEAR-FIELD OPTICAL MODEL OF THE
SINGLE-PHOTON TIP
The point like source in classical optics
The concept of optical resolution is at the heart of
any photonic microscopy [15]. As it is well known the
resolving power of classical microscopy, that is the abil-
ity to separate spatially two point-like objects, is limited
to spatial separations d larger than half the illumination
wavelength: d & λ/2. Fundamentally this is due to the
fact that far-field microscopy collects only propagative
waves for imaging. In other words, the microscope acts
as a low-pass filter for the incident field plane wave ex-
pansion since only wavevectors with planar components
satisfying k2x + k
2
y ≤ (2π/λ)
2 contribute to the image re-
construction. This leads to a Fourier-Heisenberg like un-
certainty relation ∆kx ·∆x & 1/2 where ∆kx ∼ 1/λ and
∆x ∼ d and thus to the Rayleigh-Abbe criterion [3, 16]:
d & λ/2.
Near- field optical microscopes circumvent this limitation
by including the neglected components with k2x + k
2
y ≥
(2π/λ)2 in the imaging procedure [2–4]. More precisely,
in NSOM in the illumination configuration [1] a tip-probe
2is brought into the vicinity of the structure to be ob-
served, i.e., at a distance much smaller than the optical
illumination wavelength z ∼ λ/30 ≃ 20 nm. Evanescent
components of the emitted light (the so-called near-field
contributions) are used to resolve spatially the objects
on the surface. A different way to see this is to use a
multipolar expansion of the field around the tip apex.
It is widely accepted that this field is well described by
the dominant (electric and magnetic) dipolar terms. For
example, the electromagnetic field E, B of such an (har-
monic) electric point-like dipole term Pωe
−iωt calculated
at position r and time t is given by
E(r, t) = G0ω(r, r0) ·Pωe
−iωt; ikB =∇×E (1)
where r0 is the location of the point dipole, k = ω/c, and
G
0
ω(r, r0) is the dyadic Green propagator of the dipole
[3, 17] in vacuum which reads G0ω(r, r0) = [(ω/c)
2
I +
∇∇]G0ω(|r−r0|) =∇×∇×(IG
0
ω(|r−r0|)) with G
0
ω(|r−
r0|) = e
ik|r−r0|/(4π|r−r0|) and I the diagonal Kronecker
tensor. The dipolar field can explicitly be written [18] (in
Heaviside-Lorentz units) as

B = k2
(
R
R ×Pω
)
eik(R−ct)
4πR
(
1− 1ikR
)
E = k2
(
R
R ×Pω
)
× RR
eik(R−ct)
4πR
+[3RR
(
R
R ·Pω
)
−Pω ]
(
1
4πR3 −
ik
4πR2
)
eik(R−ct)
(2)
where R = r− r0.
It is easily seen that in the near-field regime where kR≪
1 we have the asymptotic behavior:

B = ik
(
R
R ×Pω
)
1
4πR2
E = [3RR
(
R
R ·Pω
)
−Pω]
1
4πR3
(3)
This electric near-field, which is clearly highly localized
around the dipole (with |E| ∝ 1/R3), is actually respon-
sible for the super resolution offered in the near-field by
the ideal point-like source considered here.
In the nanodiamond-based NSOM probe [9], the optical
behavior originates from the point-like transition dipole
associated with the radiative transition of the NV color-
center. We here neglect the finite extension of the host
nanocrystal since current trends in nanodiamond pro-
cessing indicate that it can be diminished down to a few
nms only [19, 20]. Therefore, we expect the point-like
model outlined above to apply to this tip and we will
indeed describe the nanodiamond-based tip as a single
point-like dipole.
Optical resolution and quantum optics
As discussed in the introduction, the NSOM experi-
ments reported in [9] involves a single nanodiamond con-
taining one and only one fluorescent quantum emitter
i.e. a NV center. This point is of general importance for
the present discussion since such a quantum object acts
like a single-photon source emitting photon one by one
in the typical lifetime of the (two-level) optical transition
Γ−1 ≃ 10 ns [9]. In particular, we already pointed out
[9] that such a NV-based NSOM constitutes ultimately a
near-field scanning single-photon microscope. To justify
this point it is sufficient to note that Γ−1 corresponds to
a length scale of 3 m, i.e., to a size which is by order of
magnitudes larger than any device scales in nano and mi-
crophotonics. Therefore, we can fairly state that during
this lifetime unit scale there is only one photon created
by the quantum emitter in the whole imaged photonic
system.
The question which naturally arises concerns the impli-
cation of quantum optics on the concept of optical res-
olution since we know that in quantum optics electro-
magnetic field components are associated with non com-
muting operators. Actually, Heisenberg [21] already at-
tempted in the 1930’s to introduce some limitations in
the measurability of electromagnetic field quantities in a
similar way to that he used for deriving the well known
uncertainty relation for complementary kinematic vari-
ables such as position and momentum. The argumenta-
tion was however criticized by Landau and Peierls [22]
who demonstrated that further restrictions in quantum
field theory were necessary. This point was later clari-
fied by Bohr and Rosenfeld in a well known paper [23]
where they showed that the method chosen for measur-
ing the fields (and in particular the space and time av-
eraging process) is the key issue [23–25]. Recently, the
problem has gained a renewed interest in the context of
nano-optics [26, 27] (see also [28–30] for important re-
lated topics). More precisely, starting from the Heisen-
berg uncertainty relation [21] which links through a cir-
cular permutation the components of the electric field Ei
and magnetic field Bj averaged in a cubic volume δL
3
δEi · δBj = δEj · δBi &
~c
2δL4
, (4)
it was deduced that in the context of NSOM, measure-
ments of the fields and of the energy should become un-
certain [26, 27] (see however [31]). This is because vol-
umes much smaller than the optical wavelength (cubed)
are probed. As any NSOM experiment ultimately in-
volves a detection of photons one could therefore suspect
a supplementary and purely quantum alteration of the
optical resolution. Here, we show however that Eq. 4
does not actually limit the resolution of the NV-based
NSOM. To see why this is the case we must go back to
the dynamics of the NV center assimilated with a two-
level fluorescent system. We have in particular to justify
some assumptions done in the previous subsection about
the use of classical formulas for the electromagnetic field
generated by the NV center.
3Spontaneous emission
As a first approach it is enough to consider a model of
the photon emission based on the Wigner-Weisskopf the-
ory for a two-level point-like radiating system [32, 33].
Rigorously speaking we would need to use quantum elec-
trodynamics for a transition dipole located in a inhomo-
geneous dispersive and dissipative dielectric (or metallic)
environment. This would imply including the degree of
freedom of the polarizable medium in the hamiltonian
treatment of the problem. For the present purpose we
choose a simplified configuration and consider the emis-
sion in vacuum only. Following this model the two-level
system initially in the excited quantum state |e〉 (with
energy Ee) at t = 0 spontaneously relaxes with a typical
rate Γ to the ground state |g〉 (with energy Eg). At any
time t ≥ 0 the whole quantum system involving photon
and emitter is in an entangled state which can formally
be written
|Ψ(t)〉 = ce(t)|e〉 ⊗ |0〉+ |g〉 ⊗ |γ(t)〉, (5)
where |0〉, |γ(t)〉 are respectively the vacuum electro-
magnetic state and the single-photon state at time
t. Additionally, ce(t) is a complex valued amplitude
coefficient depending on time and we have ce(t) =
Θ(t)e−iωegt−Γt/2+i∆t where ~ωeg = Ee − Eg, ∆ is the
Lamb-shift, and Θ(t) is the Heaviside unit step func-
tion. The dissipation constant is given by the usual for-
mula ~Γ = (ωeg/c)
3|µge|
2/(3π) where µge = 〈g|µ|e〉 is
the transition dipole amplitude. This naturally leads to
the usual exponential probability rule for “non-decay”
pe(t) = |ce|
2 = e−Γt. We also define a ground state
|G(t)〉 = |g〉 ⊗ |0〉 such as |G(t)〉 = |G(0)〉 as expected
(i. e., the ground state is stable). Now, using the total
Power-Zienau Hamiltonian operator for the interacting
system field plus a two-level system in the dipolar ap-
proximation [33–35]
Hˆ(t) ≃
∫
d3r
Dˆ(r, t)2 + Bˆ(r, t)2
2
+Eg|g〉〈g|(t) + Ee|e〉〈e|(t) − µˆ(t) · Dˆ(r0, t). (6)
We obtain (in the Heisenberg picture) the quantum-
Maxwell equations [33]:
0 =∇ · Dˆ(r, t),
0 =∇ · Bˆ(r, t),
∇× Bˆ(r, t) =
1
c
∂Dˆ(r, t)
∂t
,
∇× Dˆ(r, t) = −
1
c
∂Bˆ(r, t)
∂t
+∇× Pˆ(r, t) (7)
where Pˆ(r, t) = µˆ(t)δ3(r − r0) is the dipole moment
Heisenberg operator for the point-like source located at
r0. Dˆ(r, t) = Eˆ(r, t) + Pˆ(r, t), and Eˆ(r, t), Bˆ(r, t) are
electromagnetic field Heisenberg operators.
In the context of Glauber theory of photo-detection [36]
the most relevant quantities are the transition amplitudes
D(r, t) = 〈G(0)|Dˆ(r, t)|Ψ(0)〉 = 〈0|Dˆ(r)(+)|γ(t)〉, ... (8)
with similar mathematical expressions for E and B
(Xˆ(r)(+) is a destruction operator in the Schro¨dinger
representation, i.e., the positive frequency part opera-
tor [32, 36]). We also introduce the transition dipole
volume density
P(r, t) = 〈G(0)|Pˆ(r, t)|Ψ(0)〉 = ce(t)µgeδ
3(r− r0). (9)
All these (complex valued) quantities obey rigorously to
the sameMaxwell equations as defined in Eq. 7 and there-
fore the space time evolution of E and B is identical to the
one associated with the classical (complex) Maxwell field
generated by a classical oscillating and damped point-like
dipole µ(t) = ce(t)µge [37, 38]. In particular the electric
field is given by
E(r, t) =
∫
dωG0ω(r, r0) · µωe
−iωt (10)
where
µω =
µge
2π
i
ω − ω0
(11)
is the Fourier transform of µ(t) and ω0 = ωeg−∆− iΓ/2.
Using the definition G0ω(r, r0) =∇×∇× (IG
0
ω(|r−r0|))
we then get
E(r, t) =∇×∇×
{
µge
4πR∫
dω
2π
e−iω(t−R/c)
i
ω − ω0
}
=∇×∇×
(
µge
4πR
Θ(t−R/c)e−iω0(t−R/c)
)
.
(12)
This retarded field reads explicitly
E(r, t) =
{
(ω0/c)
2
(
R
R
×
µge
4πR
)
×
R
R
+ [3
R
R
(
R
R
· µge
)
− µge]
(
1
4πR3
−
iω0/c
4πR2
)}
·e−iω0(t−R/c)Θ(t− R/c)
(13)
which is mathematically equivalent to the classical for-
mula Eq. 2 after substituting k → ω0/c and multiplying
by the step function. We can therefore state that in our
model there is no special feature of the resolution involv-
ing quantum optics which cannot already be explained
using classical or semiclassical physical arguments. Re-
mark that our assumptions concerning the dipole in vac-
uum are not fundamental for our reasoning. Indeed, in
4presence of a dielectric medium the classical analogy is
still valid and one only must substitute the dyadic Green
function G0ω(r, r0) for a dipole in vacuum by the total
Green function Gtotalω (r, r0) including the reflectivity of
the surrounding environment [17, 39]. This will be used
in section IV.
Stationary regime
It is important to notice that we have considered in
the previous section the non-stationary regime of spon-
taneous emission only because the involved fields (E, B...)
have a direct analogy with the classical fields of Maxwell
equations. In other words, they act like first quantized
wave functions for the single-photon state [32, 33, 37] and
lead, therefore, to a simple “classical-like” physical inter-
pretation of results obtained, however, in the framework
of quantum electrodynamics. Nevertheless, the limita-
tion to the transitory regime is not fundamental and if
we consider the stationary regime in which the pump-
ing rate of the (continuous and coherent) excitation laser
source (like in e.g. ref. [9]) is taken into account explic-
itly, the deductions will actually be very similar. To see
that, we first integrate formally the quantum Maxwell
equations Eq. 7 for the point-like dipole source and we
obtain (see for example [35, 40, 41])
Eˆsource(r, t) = −
(
R
R
× ¨ˆµ(t− R/c)
)
×
R
R
1
c24πR
+[3
R
R
(
R
R
· µˆ(t−R/c)
)
− µˆ(t−R/c)]
1
4πR3
+[3
R
R
(
R
R
· ˙ˆµ(t−R/c)
)
− ˙ˆµ(t−R/c)]
1
c4πR2
(14)
which is identical to the classical formula. As before
we are interested in the detection of emitted photons
by a fluorescent nanosphere located close to the dipole
µ and therefore to the calculation of photon observables
like the intensity I(r, t) := 〈Eˆ
(−)
source(r, t)Eˆ
(+)
source(r, t)〉 [36].
Ultimately such calculations reduce to the knowledge of
dipole observables like 〈µˆ
(−)
i µˆ
(+)
j 〉 ([i, j] = 1, 2, 3) eval-
uated at a retarded time t − R/c. The dynamics of
the NV-center observables is governed by the evolution
of the reduced density operator σˆ(t) , which is a solu-
tion of the well-established optical Bloch equations for a
two-level system coupled to a coherent monochromatic
light excitation. Such a coherent excitation state |α〉 at
frequency ωL is here characterized by the electric field
〈α|Eˆ(r0, t)|α〉 = E0 cos (ωLt+ φ0) and the (complex val-
ued) Rabi Frequency ΩR = µge ·E0/~. After an unitary
transformation the coherent state can be transformed
into the vacuum state |0〉 and the laser field becomes
a C-number [35]. In other words it is equivalent to con-
sider the semiclassical optical Bloch equations where the
excitation is classical and the emission is quantum [35].
In the rotating wave and adiabatic [42] approximations
we get the rate equations [9, 35]
d
dτ
(
σee
σgg
)
≃
(
−Γ′ − Γ +Γ′
Γ′ + Γ −Γ′
)
·
(
σee
σgg
)
, (15)
where Γ is as before the spontaneous emission constant
and
Γ′ =
|ΩR|
2
2
Γ/2
(Γ/2)2 + (ωL − ωeg +∆)2
(16)
is the pumping rate (we here neglected phonon like de-
phasing γ an approximation valids at low temperature).
In the stationary regime the coherence term σeg = σ
∗
ge
satisfies the relation |σeg |
2 ≃ σee with σee = 1 − σgg =
Γ′/(2Γ′ + Γ) (an approximation valid under the weak-
field condition Γ′ << Γ/2). Under the rotating wave
approximation [35, 40] this allows us to derive the photo-
detection signal
Ie(r, t) = |G
0
ωL(r, r0) · µge|
2 · σee (17)
that is
Ie(r, t) = |G
0
ωL(r, r0) · µge|
2|σeg |
2 := |E|2. (18)
Like for the transitory regime of spontaneous emission
(Eq. 13) this formula is fundamentally classical in its
form. Eq. 18 is indeed the intensity of the electric field E
defined in Eq. 2 for a dipole µgeσeg driven at the laser fre-
quency ωL. Consequently the deductions concerning the
spatial resolution obtained with a classical and oscillat-
ing point-like dipole are kept unchanged within a genuine
photon-matter quantum dynamics approach (this classi-
cal analogy will be developed in section IV). We point out
that while the imaged fluorescent molecules are electric
dipolar in our analysis, this does not constitute a fun-
damental limitation whatsoever. Actually if the scanned
objects are sensitive to the magnetic field produced by
the NV-based tip the signal would be proportional to
Im(r, t) = (c/ωL)
2|∇× [G0ωL(r, r0) · µge]|
2|σeg |
2 (19)
i.e. Im(r, t) := |B|
2 in agreement with the classical for-
mulas Eqs. 1, 2. More generally nothing prevents us
to consider detectors sensitive to Ei and Bj ([i, j] =
1, 2, 3). Following Glauber theory of photo-detection this
would lead to the calculation of signals having the form
〈(a∗Eˆ
(−)
i (r, t) + b
∗Bˆ
(−)
j (r, t))(aEˆ
(+)
i (r, t) + bBˆ
(+)
j (r, t))〉
which again results in a classical-like formula |aEi+bBj|
2.
Therefore we can conclude that there is no fundamental
limitation here concerning the measurability of electric
and magnetic fields if those fields are defined by Eqs. 1,
2 and 18, 19.
THE APERTURE NSOM TIP
As it is well known, actual near-field microscopes are
generally far from the point like configuration described
5in the previous section. Indeed, a typical NSOM uses a
metal (aluminum) coating along the conical part of the
tip for eliminating the background light leaking from the
dielectric glass tip onto the sample. Without this opaque
coating the resolution of NSOM is diffraction limited to
dimensions at best [43] equal to d ∼ λ−λ/2. At the apex
of the tip a small aperture in the metal coating (with typ-
ical diameter 2a ≃ 50− 100 nm) is created which allows
confining the optical excitation in a very small volume
of typical size a3. The resolution of such tips is highly
enhanced [2, 3] and goes up to dimensions which are es-
sentially diameter limited: d ≃ 2a. We will come back to
this point paper later in the paper.
While the far-field generated by the aperture (i.e., for
kR ≫ 1) is still in a good approximation described
by a dipolar behavior, as confirmed experimentally [44]
and theoretically [45, 46], the near-field deviates strongly
from this simplified assumption. This has been confirmed
in several studies [5, 7, 47–50]). Therefore, another ap-
proach must be developed.
Historically the first model used for describing an aper-
ture near-field probe is the one given by Rayleigh, Bethe,
and Bouwkamp for the transmission by a subwavelength
circular aperture in a infinitely thin and perfectly con-
ducting flat screen [51, 52]. However, because of impor-
tant differences between the geometry considered for the
aperture-NSOM tip on the one hand and the ideal flat
and thin metal screen of the “Bethe” model on the other
hand [45, 46] we developed some time ago a different
approach [7, 49], which takes into account the conical ge-
ometry of the optical tip and also the various field sym-
metries. In this model the sources of charge and current
around the aperture are considered explicitly in order
to calculate the field they generate. Additionally, we
compared the electric field generated by such a model
current and charge distribution with the one predicted
using a simpler approach, called “ring-like model” here-
after, where the sources of electric current and charge are
confined along the annular rim of the aperture [49]. The
very good agreement between both models, which was
also confirmed independently by Antosiewicz and Szo-
plik by comparing the ring-like model predictions with
finite difference time domain calculations [53], allows us
to use only the ring-like model for the present work.
The ring-like model postulates that the electric charge
volume density along the ring of radius a in the z = 0
plane is defined as
ηω(r) = ηω(ρ, φ, z) = σ0 cos (φ)δ(ρ− a)δ(z) (20)
where [ρ, φ, z] are cylindrical coordinates and σ0 is a
charge density per length unit of the ring. The cos (φ) is
reminiscent of the x-electric polarization of the incident
field propagating in the NSOM fiber tip [7]. The far-field
generated by such a ring-like source is to a good approx-
imation electric-dipolar. Starting from the definition of
the electric dipole:
Pω := i
∫
Jω(r)
ω
d3r =
∫
rηω(r)d
3
r (21)
with Jω the electric current volume density along the rim,
using then the charge conservation ∇ · Jω = iωηω and
considering a current propagating along the φ direction,
we deduce that
Jφ,ω(r) = iωaσ0 sin (φ)δ(ρ− a)δ(z). (22)
Therefore the electric dipole is
Pω = σ0a
2πex (23)
which is aligned along the incident polarization direction.
We also point out that in this model the magnetic dipole
reads Mω = (1/2) ·
∫
r × Jω(r)d
3
r/c = 0 , which is in
agreement with the fact that the oscillations of the elec-
tric current do not constitute a complete circulation of
charges around the ring due to the presence of the sine
term in Eq. 22. The electromagnetic field generated by
such a distribution of current and charge is obtained by
elementary integration of Eq. 1:
E(r, t) =
∫
G
0
ω(r, r
′) ·
iJω(r
′)
ω
e−iωtd3r′; ikB =∇×E
(24)
and it indeed approaches the field generated by the dipole
Pω given at large distance by Eq. 21.
A few additional remarks about this model are here use-
ful. First, the fact that the current has only a φ compo-
nent and not a ρ or a z component can be justified on
symmetry ground by referring to mathematical results
by Sommerfeld, Bouwkamp and others [52] showing that
in a diffraction problem the dominant contribution of Jω
near an edge or a corner must necessarily be the com-
ponents parallel to the rim. Second, it should also be
pointed out that the use of a ring-like model is not new
in diffraction theory since it was introduced at the begin-
ning of the XXth century by Love, Kottler, Stratton and
others [52]. However, there was to our knowledge no use
of such a model for describing the NSOM tip emission
prior to our own work.
Additionally, it should be observed that in complete anal-
ogy with the old work by Stratton and Chu (reviewed by
Bouwkamp [52]) we can also include in the present de-
scription a fictitious density of “magnetic charge” γ and
magnetic current K along the rim in order to introduce
a net magnetic dipole in the formalism. The formulas
for the dipole and fields generated by such magnetic dis-
tributions are obtained by analogy with the electric ones
(i.e., Eqs. 1-5 and 20-24) and using the direct substitu-
tions E→ B, B→ −E, η → γ, J→ K which also imply
P → M. The possibility to introduce magnetic distri-
butions and dipoles is justified in order to explain the
6empirical observations by Obermu¨ller et al. [44]. Indeed,
to be consistent with these results we need to include in
our model a magnetic dipole Mω aligned along the y di-
rection and such that Mω = 2ez×Pω where ez is the di-
rection of propagation of light along the fiber tip [45, 46].
This magnetic dipole is automatically accounted for in
the model by using the distributions:
γω(r) = 2σ0 sin (φ)δ(ρ− a)δ(z)
Kφ,ω(r) = −i2ωaσ0 cos (φ)δ(ρ− a)δ(z). (25)
Finally, we point out in agreement with the result by
Obermu¨ller et al. [44–46] that the dipoles used in our
model have no components in the direction perpendic-
ular to the aperture plane. This is qualitatively dif-
ferent from the Bethe-Bouwkamp model [51, 52] which
predicts an electric dipole along the axis normal to the
aperture plane. This difference is justified on a symme-
try ground due to the conical nature of the NSOM metal
coating [45, 46] which contrasts with the planar geometry
used in the work of Bethe and Bouwkamp.
COMPARING A POINT-LIKE EMITTER TO AN
APERTURE NSOM TIP
In order to compare the spatial resolution offered by
a NSOM aperture tip with the one given by a point-like
dipole tip (i.e., the nanodiamond based active optical
probe [9]) we
first calculate the field generated by both probes.
Fig. 1 shows a comparison of the electric near-field gener-
ated by the ring-like distribution (aperture radius a = 40
nm, polarization along the x axis) on the one hand and
the point-like dipolar source (dipole along the x axis) on
the other hand. The comparison is made for a tip in
vacuum and a tip facing a glass substrate (permittivity
ǫ = 2.25) at a height of h = 20 nm, respectively. In this
last configuration the reflected and transmitted fields are
calculated with the image method which is known to give
consistent results in the near-field zone (see Appendix).
The field generated by the ring-like distribution contains
both the electric and magnetic contributions but since ka
and kh are much smaller than unity we checked that the
effect of the magnetic as well as the propagative terms
arising from the field propagator have negligible effects
(the same is true for the propagative terms generated by
the point-like dipole). For completeness we however keep
all terms in our calculations.
In a second stage, we simulate an image acquisition scan
over an idealized sample. The sample is made of either
one or two point-like emitters located at the glass-air in-
terface. To simplify, we also suppose that the emitters
are fluorescent particles emitting incoherently. The de-
tection of the fluorescent light through the substrate is
done with a collection set-up (e.g., a microscope objec-
tive with high numerical aperture). More precisely, we
FIG. 1: Electric field generated by an aperture tip, (a) and
(c), and a point-like tip, (b) and (d). (a) and (b) correspond
to a free tip in vacuum while (c) and (d) correspond to the
tip in front of a glass substrate. The vertical distance h be-
tween both tips and the glass air interface is h = 20 nm. The
ring radius is a = 40 nm. For each panel the electric field
lines and the iso-density curves of the electric energy density
|E|2 (in logarithmic scale) are calculated. The illumination
wavelength is λ = 600 nm.
consider the photon absorption process by a nanosphere
located near r0 and containing an isotropic distribution
of fluorescent emitters. Following Glauber theory [36]
each emitter is excited by the field created by the tip
with a probability proportional to |E(r, t) · n|2 where n
is the direction of the transition dipole associated with
the point-like fluorescent emitter located at r. Here we
suppose a two-step process where the absorption is fol-
lowed by a fluorescence emission with probability η(ω′) at
the emission frequency ω′. After averaging on the direc-
tion n we therefore get a total fluorescence signal for the
nanosphere proportional to η(ω′) · |E(r, t)|2 [7, 49]. Re-
mark that in the case of the single photon tip this picture
is very similar to the one used for describing Fo¨rster (or
fluorescence) resonance energy transfer (FRET) between
two molecules [3] (we however neglect the back action of
the molecular detectors on the dynamics of the scanning
dipole).
Therefore the signal recorded at each tip position is sup-
posed to be proportional to the sum of the electric energy
density |E|2 at the location of the point-like fluorescent
particles [54]. The collection efficiency of the NSOM mi-
croscope as used in Ref. [9] is defined by the properties
of the high numerical-aperture objective and by the nu-
7FIG. 2: Simulations of the optical image obtained by scanning
a fluorescent isotropical emitter at a constant height h = 10
nm below the NSOM tip in the ring-like and point-like con-
figurations, respectively (see inserts). The wavelength of illu-
mination is λ = 600 nm. The black curve is the theoretical
result obtained with a dipolar point-like source (like the NV
center) with a dipole oriented along the x direction. Similarly
the green and blue curves are the same images for a point-like
dipole along the y and z directions respectively. These curves
are compared with the image obtained with an usual aperture
NSOM, hole radius: 40 nm (red curve).
merical aperture of the multimode fiber which guides the
collected light to the detector. We estimate that 92% of
the 2π solid angle in which light is emitted in the sub-
strate is then collected by the optical setup. This justifies
our assumption that all polarisation components of the
electric field contribute to the optical signal and there-
fore that this signal is proportional to |E|2. We point out
that in Ref. [9] the E2z contribution was neglected. We
stress that using such an isotropic detector simplifies the
discussion of resolution with NSOM. Indeed, ones often
consider imaging over a single molecular dipole as a gen-
uine test of resolution. However, such a single molecule
corresponds to a vectorial detector recording only infor-
mation along a particular and fixed direction. While this
approach was successfully used in the past for determin-
ing the orientation of molecular dipoles using an aper-
ture it also in general leads to more complex images in
the near-field. We will therefore limit our analysis to
isotropic test particles.
Fig. 2 shows the variation of the optical signal during a
scan along x for only one isotropical emitter on top of
the substrate. The comparison between both tips reveals
important optical artifacts with the ring-like NSOM tip
due to the finite size of the ring and to the high field
intensity in the rim vicinity. These images can easily be
interpreted if we consider the fluorescent particle as a
test object moving in the near-field of the tips and scan-
ning the emission intensity profile in a plane at constant
height h above the apex. The two peaks observed with
the usual aperture NSOM are well documented in the
literature [5–7] and are reminiscent of the high field ex-
FIG. 3: Simulations of the optical image obtained by scanning
two fluorescent isotropical emitters separated by a distance
d = 50 nm (in the scan direction x) at a constant height h =
10 nm (panel a) or h = 20 nm (panel b) below the NSOM tip
in the ring-like and point-like configurations, respectively (see
inserts). The illumination wavelength is λ = 600 nm. The
black curve is the theoretical result obtained with a dipolar
point-like source (like the NV center) with a dipole oriented
along the x direction. Similarly the green and blue curves
are the same images for a point-like dipole along the y and z
direction, respectively. These curves are compared with the
image obtained with an usual aperture NSOM, hole radius:
40 nm (red curve).
isting in the rim vicinity. The point-like probe does not
show such “doubling” of the imaged structure and this
eventually would lead to a simpler interpretation of the
optical images.
The difference in the optical behavior between the two
probes is more easily seen if we scan bothtips over two
isotropical emitters separated by a distance d = 50 nm
along the x direction (see Fig. 3). Now, due to the opti-
cal artifacts, the image with the ring-like NSOM becomes
much more difficult to interpret resulting in a decrease of
the optical resolution. The effect of optical artifacts even
worsens for increasing h, which means that the resolv-
ing power of the aperture-NSOM probe is fundamentally
limited by both the radius a and the height h (compare
Fig. 3a and 3b). In contrast we see that the point-like
dipole tip leads to well isolated spots during the scan. In-
terestingly, the direction in which the dipole is polarized
does not really change the intensity profile. This point
is of importance for practical applications since the NV-
center transition dipole is randomly oriented (but in a
8FIG. 4: Simulations of the optical image obtained by scanning
two fluorescent isotropic emitters separated by a distance d =
50 nm (in the scan direction x) at a constant height h below
the NSOM point-like probe (i.e., the NV active tip). The
different curves correspond to different h going from 10 nm to
100 nm. The probe dipole is here chosen vertical (z direction).
fixed direction) in the nanodiamond crystal glued at the
fiber tip apex [9].
In order to study more precisely the influence of h we now
calculate the intensity profile corresponding to the scan
over the two previous isotropic emitters separated by a
gap d = 50 nm along the x direction for various heights
h varying in the range 10-100 nm. The results shown
in Fig. 4 for a dipole orientation along z demonstrate
clearly that the resolving power of this kind of micro-
scope is ultimately limited by the height h only. Here,
the system offers good resolutions even for h = 50 nm i.e.
for h ≃ d. Only if h & d the resolution will be dramati-
cally affected. These results will actually be very general
for gaps d much smaller than the wavelength since the
near-field of the probe (which is essentially wavelength
independent) dominates in this spatial range.
CONCLUSION
In this work, we have compared theoretically the spa-
tial resolution offered by an aperture NSOM probe with
that obtained using the single-NV-center based probe.
We have proposed simple analytical models for the elec-
tromagnetic field generated by both types of probe and
have shown that the aperture case can be well repro-
duced using a ring-like current and charge distributions
whereas the NV-center tip can be mimicked by a single
point-like electric dipole. The electromagnetic field gen-
erated by the single NV-based tip has also been analyzed
using quantum electrodynamics applied to a two-level flu-
orescent system and the results agree with the classical
model. We have finally studied the optical signal acqui-
sition performed during a scan over simple isotropic fluo-
rescent objects and have demonstrated that the ultimate
resolution offered by the standard aperture NSOM is lim-
ited by both the aperture diameter and the scan height.
This is in contrast with a NV-center point-like source
whose resolution is limited solely by the scan height.
Therefore, our work stresses the importance of this new
optical approach for microscopy and quantum optics in
the near-field regime.
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APPENDIX
The image field for an elementary (i.e. point-like) elec-
tric dipole located at position r0 = [x0, y0, z0 = h] and
oriented parallel to the interface is given by:

E
>(r, t) = G>ω (r, r0) ·Pωe
−iωt
≃ (G0ω(r, r0)−
ǫ−1
ǫ+1G
0
ω(r, r
′
0)) ·Pωe
−iωt for z ≥0
E
<(r, t) = G<ω (r, r0) ·Pωe
−iωt
≃ 2ǫ+1G
0
ω(r, r0) ·Pωe
−iωt for z ≤0
where r′0 = [x0, y0,−h] is the position of the image dipole
in the substrate medium (z < 0, h > 0) with dielectric
permittivity ǫ(ω). The image method is rigorously valid
only in the near-field (exception exists for the perfectly
conducting metal). The case corresponding to a vertical
dipole P = Pzez is obtained by the substitution ǫ− 1→
1 − ǫ in the mathematical expression for E> (the rest
being unchanged).
The field generated by an elementary magnetic dipole can
easily be calculated by considering a general distribution
of electric Je and magnetic Jm current. With such a
distribution we have indeed
∇×∇×E− k2E =
iω
c
Je
c
−∇×
Jm
c
. (26)
Using the definition of the dyadic Green function
∇×∇×Gω − k
2
Gω = k
2
Iδ3(r− r0), (27)
we deduce the integral formula
E(r, t) =
∫
Gω(r, r
′) · [
iJe(r
′)
ω
− c∇×
Jm
ω2
]d3r′e−iωt.(28)
In particular for a point-like magnetic dipole Jm =
−iωMδ3(r−r0) located above the interface one gets after
integration by parts
E
>,<(r, t) =
i
k
[∇×G>,<ω (r, r0)] ·Me
−iωt. (29)
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